Differential scanning calorimetry (DSC) melting analysis was performed on 27 short double stranded DNA duplexes containing 15 to 25 base pairs. Experimental duplexes were divided into two categories containing either two 5' danglingends or one 5' and one 3' dangling-end. Duplex regions were incrementally reduced from 25 to 15 base pairs with a concurrent increase in length of dangling-ends from 1 to 10 bases. Blunt-ended duplexes from 15 to 25 base pairs served as controls. An additional set of molecules containing 21 base pair duplexes and a single four base dangling-end were also examined. DSC melting curves were measured in varying concentrations of sodium ion (Na + ). From these measurements, thermodynamic parameters for 5' and 3' dangling-ends were evaluated as a function of dangling end length. 5' ends were found to be slightly stabilizing but essentially constant while the 3' ends were destabilizing with increasing length of the danglingend. 3' ends also display a stronger dependence on Na + concentration. In lower Na + environment, the 3' ends were more destabilizing than in higher salt environment suggesting a more significant electrostatic component of the destabilizing interactions. Analysis of thermodynamic parameters of dangling ended duplexes as a function of Na + concentration indicated the 3' dangling ends behave differently than 5' dangling ended and blunt-ended duplexes. Molecules with one 5' and one 3' dangling end showed variation in excess specific heat capacity (C p ) when compared to the blunt-ended molecule, while the molecules with two 5' ends had C p values that were essentially the same as bluntended duplexes. These observations suggested differences exist in duplexes with 3' and 5' dangling ends, which are interpreted in terms of composite differences in interactions with Na + , solvent, and terminal base pairs of the duplex.
INTRODUCTION
The generic scheme for the design of optimum probes for use in multiplex hybridization reactions involves two independent alignment and comparison steps [1] [2] [3] . In the first step, all possible probes of a given length covering the targeted region of interest are generated and compared with one another in a pairwise fashion. All possible pairs of strands are aligned in an antiparallel manner and the thermodynamic stability is determined for each alignment. In this process, the first alignment of two strands of the same length is the maximally overlapped one, with no single strand dangling ends. In subsequent alignments, one strand slides incrementally across the other, one base at a time, in the 5' direction. Stability of the duplex at each alignment is determined from the number of complementary base pairs and mismatches in the overlap (duplex) region, and the contribution of the two 5' dangling ends (both of the same length) on the ends of the duplex [4] . For each alignment, the length of the dangling ends increases with concomitant shortening of the overlap duplex region. Once all possible strands have been aligned and compared, and thermodynamic results processed, the optimum probe set can be determined.
which the target sequence resides [5] [6] [7] . In this step, the shorter (probe) strand is iteratively scanned against the much longer (target genome) strand, which offers a 5' dangling end and 3' dangling end at each alignment step. The primary aim of this work was evaluation of the thermodynamic contributions of the dangling single strand ends to duplex stability. If this is achieved, a more realistic thermodynamic stability can be determined at each alignment through inclusion of better thermodynamic parameters for the 5' and 3' dangling ends.
In this study, the relative contributions of 5' and 3' dangling ends to overall duplex stability as a function of end length were quantitatively evaluated. Results obtained in three Na + environments indicate 5' ends were stabilizing while 3' ends were neutral or destabilizing. Use of how evaluated parameters augment duplex stability calculations is demonstrated.
MATERIALS AND METHODS

DNA Molecules
DNA strands for duplex molecules were purchased from Integrated DNA Technologies (IDT, Coralville, IA) and subjected to the standard desalting protocol performed by the supplier. As part of the design process, all sequences were inspected for potential intramolecular hairpin formation using the IDT oligoanalyzer [8] . Sequence composition for the duplex was maintained around 50% G-C base pairs and thermodynamic screening was used to remove any molecules with potential intramolecular structures above 20˚C. DNA strands were received from the supplier as a dried powder.
Quantification of Samples
DNA solutions for DSC melting curves were solvated with NaCl (85, 300 or 1000 mM) and buffered in 10 mM Na 2 PO 4 and 0.1 mM EDTA. Solution pH was adjusted to 7.3 ± 0.1 using an Orion 4-Star pH/Conductivity Meter (Thermo Electron Corporation, Beverly, MA). Further details of buffer preparation have been described elsewhere [9, 10] . Samples were initially hydrated with 2.0 mL of 85 mM buffered sodium solution and allowed to stand for at least one hour at room temperature. Concentrations of diluted single strand DNAs were determined by absorbance at 260 nm (A260) using the molar extinction coefficient provided by the supplier [11, 12] . DNA samples were diluted with buffer so that A260 values ranged from 0.2 -0.9 optical density (OD) units. Absorbance measurements were made using a HewlettPackard 8452A Diode Array Spectrophotometer (Hewlett-Packard Corporation, Palo Alto, CA). Quartz cuvettes having 1.0 cm path lengths were used. After concentration determination, single strands were mixed in a 1:1 ratio and the final duplex concentration adjusted with buffer to around 1.0 mg/ml. Duplexes were annealed at room temperature for at least one hour prior to duplex characterization and melting experiments. After initial mixing, the A260 was noted and compared to the A260 value measured at higher temperatures well above the melting transition. This value was then used to estimate a suitable molar extinction coefficient for the duplex. Subsequently, duplex concentrations were determined from the low and high temperature A260 values.
Buffer Exchange
To change the ionic strength of the buffer, sample solutions were transferred to a DNA Centricon YM-3 centrifugal filter (Millipore, Bedford, MA) having a molecular weight cut-off of 3000 Daltons. Samples were washed with 2 ml of nanopure water and spun for approximately 90 minutes at 4000 -4500 rpm. An additional 1 ml of nanopure water was added and the sample spun to dryness. Recovered samples were reconstituted in the desired buffer solution and stored at 4˚C. Following buffer exchange, sample concentrations were determined using optical absorbance measurements at 260 nm. Generally sample recovery was greater than 95%. A comparison of pre-and post-transition duplex absorbance values was used to assess possible degradation. Sample quality was also determined by polyacrylamide gel electrophoresis. Electrophoresis was performed on 12% polyacrylamide gels using a Hoeffer MiniVE, vertical electrophoresis mini gel system. Other details of DNA quantification protocols have been described elsewhere [6, 13, 14] .
Differential Scanning Calorimetry
Thermodynamic parameters, ΔH cal and ΔS cal , of the heat induced melting transitions of duplex DNAs were evaluated from measurements of the excess heat capacity, ΔC p , versus temperature values obtained by DSC measurements over the range of 10˚C to 120˚C. ΔC p values were made using a Nano-Differential Scanning Calorimeter (Calorimetry Sciences Corporation, Provo, UT). The instrument utilizes a two-cell design and electronic comparison scheme to measure excess heat capacity of a sample as it is heat denatured. Prior to loading, samples were degassed by bubbling with helium gas for 10 minutes. Experiments were performed under positive pressure (3 atm) with a heating rate of 2.0˚C/min. Concentrations of melted DNA samples were between 0.5 and 1.2 mg/ml. Multiple heating and cooling curves were collected for each sample and analyzed individually. Three different DSC instruments were used to collect the data. Variations in the thermodynamic parameters resulting from small differences in different DSC cell volumes were within experimental error (<10%). Regardless of the direction of transition (heating or cooling) or DSC employed, all melting curves were highly reproducible. Prior to measuring samples, a standard curve (i.e. buffer versus buffer curve) was taken at the same heating rate, over the same temperature range and at the same buffer concentration as sample melting curves. These curves were used to standardize subsequent DSC sample curves.
In the analyses performed, it was assumed that the overall difference in excess heat capacity from the beginning to the end of the melting transition was negligibly small, (i.e. ~ 0). Consequences of this assumption are that evaluated thermodynamic parameters are most accurate in the transition region and that the parameters are temperature independent.
Sequence Design
Short DNA molecules were used to evaluate the thermodynamic contributions of single strand dangling ends on overall duplex stability. Duplexes were grouped into three sets according to the orientation of their dangling ends with respect to the core region. By design it is implicitly assumed the molecules studied can be partitioned into two separate regions: 1) a duplex region (of length n D ) and 2) single strand dangling ends (of length n L ). Explicit sequences are shown in Table 1 . Blunt-ended control sequences, designated as set I, are shown in the column on the left. These core sequences range in length from 25 to 15 base pairs. Two types of single strand dangling ended molecules are also shown in Table 1 . The set II molecules (center column) contain two 5' dangling ends (5'/5') and the set III molecules (right column) contain one 5' and one 3' dangling end (5'/3'). For all molecules of the same n D , the duplex sequence was maintained to allow for relative thermodynamic calculations. In order to eliminate variations due to end stacking, the final (terminal) base pair at each end of the duplex was kept constant along with the initial base of the dangling end. Although core sequences were not identical, efforts were made to keep the composition of the duplex constant at 50% GC as the length of the central region was decreased.
Duplex molecules shown in Table 1 are composed of two annealed single strands. For set II molecules the length of each strand was maintained at 25 base pairs. Here, the duplex region was decreased incrementally while the length of 5' single strands on both ends was increased. Ten different dangling-ended sequences were studied with n D ranging from 24 to 15 base pairs and n L ranging from 1 to 10 bases. Likewise, for set III molecules, as duplex length decreased, the length of 5' and 3' dangling ends increased. To accomplish this, one strand was lengthened while the other shortened. Six different dangling ended sequences were studied with n D ranging from 24 to 17 base pairs and n L ranging from 1 to 8 bases. An additional set of molecules was employed to assess the additive properties of thermodynamic parameters found for dangling ended sequences. They are referred to as set IV molecules and are shown in Table 2 . Briefly, they are the half molecules of set II and set III DNAs with a duplex core of 21 base pairs and a four base dangling end from one of the strands. For completeness, all four possible orientations of placement of the dangling end were included.
RESULTS
Dangling Ends
Thermodynamic parameters measured as a function of sodium ion concentration ([Na + ]) are listed in Table 3 for the 27 duplexes studied. Plots of ΔH versus TΔS were linear with a mean correlation coefficient of R 2 = 0.96 for all molecules in the three Na + environments (see Sup- Table 2 . Sequences for set IV molecules. Duplex sequences with either one 3' or 5' dangling end and one blunt end. The dashed duplex region is given by the duplex sequence shown in Table 1 for n D = 21 and n L = 4.
IV Sequences
such behavior is reportedly typical for melting of short duplex DNAs [1] [2] [3] . Apparently there is only a slight dependence of the slopes and intercepts on the concentration of sodium ions.
Thermodynamic Contributions to Duplex Stability
From the data of Table 3 , quantitative estimates can be made on thermodynamic contributions of both 5' and 3' dangling ends to duplex stability. The melting thermodynamics of short blunt-ended duplexes can be predicted with reasonable accuracy using the nearest-neighbor (n-n) model and corresponding sets of sequence dependent stability parameters [4, 5] . The n-n model assumes the duplex region for a dangling ended molecule has the same calculated thermodynamic stability as the matching blunt ended duplex. Thus, the thermodynamic parameters of short duplex DNAs can be reliably parsed into two distinct contributions, those from the duplex region, and those from dangling ends. Following this principle, by preserving the duplex region and varying only the sequences of the dangling ends, it should be possible to determine individual contributions from dangling ends. Of course, reliability of this estimate assumes that interactions between the duplex and single strand regions are separable as described, and that the duplex region and inherent structure and stability remain unaffected (in a thermodynamic sense) by the presence of dangling ends.
Thermodynamic Characterization
Given the set of DNA molecules and thermodynamic arameters evaluated, and under the umbrella of the afop 
, arise from individual energies of the duplex region and two dangling end regions, the generic molecule with two 5'-dangling ends can be characterized as
where
is the measured thermodynamic parameter for the blunt-ended duplex molecule having the same core sequence, and
is the thermodynamic contribution of a 5' single strand dangling end comprised of L bases. This term is added twice because two 5' dangling ends are present in each set II molecule. Although explicit sequence dependence of the ends is not considered, utilization of the n-n approximation requires that the terminal stack, that is, the duplex terminal base pair and adjoining single strand base, be the same in all molecules.
Set III molecules differ from those in set II in that they have one 5' and one 3' dangling end. Modifying Eq.4 above, the measured parameters for set III,
is again the measured thermodynamic energy for the blunt-ended duplex,   From the above expressions and experimentally measured parameters in Table 3 were determined using Eq.4 and Eq.5, viz.
and
The values of   Figure 2) . This plot was generated using the thermodynamic data measured for sets I, II and III in 85 mM, 300 mM and 1.0 M [Na + ] shown in 
5' Dangling Ends
When comparing the data of vary only slightly with increasing length of the dangling end, and the dependence on [Na + ] appears to be minimal. Thermodynamic contributions from the 5' dangling ends were determined by taking the average of
over various values of n L (in each Na + environment). These values are summarized in Table 4 .
G n 
3' Dangling Ends
In contrast to 5' ends in Figure 1 , the 3' ends (
-open symbols), appear to be primarily destabilizing, and more strongly affected by [Na + ]. Interestingly, they become less destabilizing with higher [Na + ]. The free energy imparted by the 3' end increases to greater positive values with increasing end length up to n L = 4 and remains essentially constant thereafter. The salt dependent stability is also more pronounced and therefore presumably much stronger than for the set I molecules. Apparently, lower sodium ion concentrations (e.g. 85 mM) have an immediate destabilizing influence on duplex stability that manifests in the corresponding effect is observed until n L = 4 at which point   
Best fits to the 3' data are shown in Figure 1 . Parameter values determined for c, k, r and A in each Na + environment are listed in the Figure 1 caption. These expressions were used to predict thermodynamic contributions of 3' dangling ends to the stability of duplex DNA. Specific values computed are summarized in Table 4 .
Case Study:
,
The values given in Table 4 
for sequences IVc and IVd in which molecules have one 3' dangling end and one blunt end. is the measured thermodynamic parameter for the bluntended duplex with 21 base pairs.
Due to the similarities and differences between the sets, a number of relationships can be found to obtain thermodynamic parameters of the dangling ends. Using Eq.9a and Eq.9b and pertinent results for sets I, II and III molecules along with those from set IV summarized in Table 5 , estimates on and In a similar manner, consider the following for ,
A total of five equations were generated to determine and three equations to determine . Specific values in each salt environment are displayed in 

. The 5' dangling ends appear to be stabilizing across all plots, which is in agreement with previous observations. Conversely, the 3' dangling ends appear to be near zero or destabilizing in all but a few cases. These exceptions are free energy values ( Figure 2 , were determined by utilizing variations of the dangling ended molecules and subtracting to determine individual end contributions. Calculations can be grouped together into five different schemes by the generic type of molecules used, i.e. blunt ended, single dangling end, symmetric double dangling end or non-symmetric double dangling end, and the specific method in which they were used. The five different schemes are depicted in Table 6 . Under the specific assumptions of the n-n model, the resulting values should reasonably agree regardless of the particular calculation scheme used. For comparison, histograms of values calculated using the same general scheme are paired in Figure 2 . This comparison reveals the different schemes provide semi-quantitative results in the higher Na + environments. In 85 mM, the calculation scheme involving the set III molecules appears to provide a different result than the other schemes using set II or set IV molecules. Although the origins of this observation are not known, results suggest a significant electrostatic effect associated with the 3' dangling end in the set III molecules.
Counterion Binding
The melting data and corresponding thermodynamic parameters evaluated as a function of [Na + ] provide a means of quantitatively estimating the net Na + released upon melting of the short duplex DNAs (as function of both duplex and dangling end length). The release of Na + upon melting or the number of ions lost, represented as ∆n, can be estimated assuming a simple binding equilibrium and evaluated according to [6] ,
where o H  is the standard state enthalpy of dissociation of the duplex, R is the ideal gas constant and  is a correction term for the sodium ion activity coefficient. Table 6 . Calculated thermodynamic data for dangling ends by method of subtraction. The dashed duplex region is given by the duplex sequence shown in Table 1 for n D = 21 and n L = 4. teresting behaviors for  as a function of decreasing duplex length (and subsequent increase of the dangling end length) for all three sets. For the set I and set II molecules,  decreases stepwise with decreasing duplex length and is essentially identical for both types of duplexes. For the set III molecules, decreases following a similar trend, but is approximately 15% smaller at each point on the plot. These data indicate a net lower amount of Na + released per phosphate (on average) during the melting process for set III molecules compared to sets I and II.
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Since relatively higher charge density of the duplex compared to single strands is the underlying origin of counterions released upon duplex melting, the fact that set I and set II molecules display similar counterion release curves suggests the duplexes have similar charge densities. More importantly, the ends must behave similarly (in a counterion binding sense) and have similar charge densities and counterion binding properties regardless of end type. Conversely, the observed behavior for set III molecules suggests several plausible scenarios. Either the 3' single strand dangling ends bind less Na + compared to the 5' single strand dangling ends, while the duplex binds counterions to the same extent, or the duplex adjoined by a 3' end is perturbed to an extent that decreases the local duplex charge density and results in overall less counterion binding to the duplex state, and consequently a net lowering of the counterions released upon melting. Both scenarios will be further considered below.
Heat Capacities of Dangling Ends
In DSC experiments, the thermodynamic parameters of the melting transition, 
where is an arbitrary reference temperature and cal are routinely used to predict thermodynamic stabilities of duplexes at temperatures far below (37˚C) the actual transition region (55˚C -75˚C), where there is more biological relevance and where practical applications occur. The accuracy of such predictions relies on the validity of the assumption that evaluated parameters are temperature independent and the overall change in excess heat capacity (
then the thermodynamic parameters evaluated from analysis of the melting transition region may not be accurate for predictions at lower temperatures.
As the technology to measure these transitions has grown in sophistication and precision over the past 15 years, some studies have reported the existence of a relative standard transition heat capacity for all DNA duplexes. Estimates for this value are as high as 100 cal·deg -1 ·(mol·base·pair) -1 and vary slightly with sequence and salt [2, 3, 7] . Recently, the average value of cal·deg -1 ·(mol·base·pair) -1 has been reported as a good approximation [8] . Inclusion of the 64.6 21.4 p C    p C  parameter allows for more accurate predictions of the transition enthalpy and entropy at temperatures below the transition region [6, 7] .
For dangling ended molecules, a question arises regarding their effect on, and contributions to 
H T 
Differences in
values for each type of duplex were estimated using Eq.14. For each dangling-ended duplex, the difference between transition enthalpies of the dangling ended molecule of set II and corresponding blunt-ended molecule of set I, evaluated at the transition temperature of the corresponding dangling-ended duplex, , is Figure 5 for the dangling ended molecules of set II. Conversely, if a plot of versus produces a line having some non-zero slope, as observed in Figure 5 for the set III dangling ended molecules, additional factors related to the dangling ends must contribute to their 
H T 
difference in sodium release per phosphate further suggests changes in the set III duplexes. These will be discussed in more detail below.
DISCUSSION
5' Dangling Ends
A number of factors are involved in determining the relative influence a dangling single strand end will have on the adjoining duplex. These include: the type of molecule (i.e. whether it is DNA or RNA), identities of the terminal duplex base pair and initial dangling-end base, and relative orientation of the first dangling base with respect to the terminal duplex base pair. Here, the duplex terminal base pair and adjoining single strand base were held constant in order to focus on relative effects of the end position (5' versus 3') as a function of increasing length. Previous studies have examined thermodynamic contributions of various permutations and combinations of dangling end length, end sequence and sequence of terminating duplex base pair of DNA dangling ends to duplex stability [9, 10, [13] [14] [15] [16] . None, however, have examined effects of end length in an incremental fashion for ends ranging in length from n L = 1 to 10 bases, nor have they compared 5' and 3' ends in different Na + environments. However, there remain several places where these results can be compared with published work.
Thermodynamic effects of all possible single base dangling ends were studied by Santa Lucia and coworkers through UV melting analysis [13, 17] . In their systematic study, molecules were designed to have a duplex fixed at eight base pairs and single dangling bases attached to the 5' or 3' ends. . In this salt environment, for n L = 4 our data has coalesced to an average value of −1.5 kcal/mol, in reasonable agreement with published results.
Ohmichi published results of melting studies using an eight base pair duplex molecule with 5' dangling ends varying from one to four bases [9] . The terminating sequence in their molecules was slightly different, 
3' Dangling Ends
Compared to 5' dangling ends, fewer studies of 3' dangling ends have been performed. Overall, reports have found that 3' dangling ends make favorable contributions to duplex stability, and are thus stabilizing, but less so than their 5' counterparts [4, 9] . In contrast we found 3' ends to be generally destabilizing. Although unexpected, observations of destabilizing dangling ends are not unprecedented. The terminal stacks, 5' GT/ 3' A, 5' T/ 3' AC and 5' T/ 3' TA were found by SantaLucia to be mildly destabilizing [13] . Additionally comparison of the published temperature corrected value for the kcal/mol. Perhaps by focusing only on single dangling bases in high salt, the case found here to have the greatest stabilizing effect, the appearance of 3' dangling end destabilization was overlooked.
Origins of Stabilization
Our results indicate that 5' dangling ends are equally or more stabilizing than their 3' counterparts. This behavior has been previously documented and can possibly be explained by examining DNA single strand structure. In the duplex state, DNA adopts the preferable B-form, which persists to some degree in the single strand state. NMR studies of single strand DNA hexamers with multiple A-A base stacks showed that in DNA, the imidazole stacks above the pyrimidine in the 5' to 3' direction [18] .
A systematic review of crystal structures from the protein database demonstrated for DNA that addition of a single strand base on the 5' end is positioned in such a way that it can freely interact with the hydrogen bonds of the terminal base pair. In contrast, a 3' base end is positioned away from the same hydrogen bonds, and therefore is less likely to experience such stabilization [19] . Thus, placement of the dangling base is optimal for terminal base pair interactions in DNA on the 5' end but when an additional base is added to the 3' end of DNA minimal overlap occurs which apparently translates to fewer stabilizing interactions.
Structural Perturbations
Our results indicate a 3' dangling end is generally destabilizing to a DNA duplex. Previous studies of counterion binding to duplex DNA suggests fewer Na + ions bind near the ends compared to in the middle [6, 20] . This suggests differences between the dangling ended and blunt molecules should result in negligible changes in counterion binding if the duplex region of the danglingended duplex is not affected by the ends. Comparison of the blunt ended duplexes and set II molecules support this assumption. The net counterion release per phosphate is the same for the two sets (I and II) of molecules and the plots of vs. n L (in Figure 3) are the same. Conversely, for the set III molecules having 3'/5' dangling ends, the plot of vs. n L is approximately 15% lower than for the set I and set II molecules and indicates a net lower Na + release during melting suggesting the duplex region for set III is perturbed in some way that results in slight differences of the associated counterion binding properties. (Figures 4 and 5) .
Here cal H  is initially around 0.5 and decreases to −0.5 as the length of the dangling end increases to n L = 10. This suggests an initial smaller buried surface area as compared to the 5' dangling end, which is lost as the dangling end increases in length. The continued loss of enthalpy suggest that with longer dangling ends, the duplex region itself may be perturbed in this particular molecular environment.
Predictive Ability and Applications to Probe Design
Ascertaining specific thermodynamics involved in probe/target alignment and being able to further predict energies of all possible alignments is key to optimal probe design. The ability to design probes with exquisite accuracy is imperative to successfully locate target sequences differing by as little as a single nucleotide. In fact, molecules used in this study were designed to mimic those that might occur in a multiplex hybridization reaction (such as on a DNA microarray) where dangling ends presumably occur with a moderate to high frequency. The more specific the predictive ability of thermodynamic binding properties, the more effective probe design can be achieved.
In the n-n model the free energy of melting a duplex molecule is given by
. (17) For calculations involving the duplex region, this model uses combinations of the 10 possible n-n values ( stack ) experimentally determined by a number of independent labs that are generally in good agreement with one another [17] . The first term, initiation , is the cost required to begin the annealing process and therefore has a positive free energy contribution. This value has recently been determined by our group, as well as other investigators [21, 22] . The last term, additional , encompasses any extra terms such as those arising from symmetry considerations, a terminating A·T base pair or single strand dangling ends. The sum of terms estimates the total free energy. Table 7 . ΔG values predicted using length dependent overhang parameters. Sequences used to predict ∆G 25 kcal/mol are shown in column one. The dashed duplex region is given by the duplex sequence shown in Table 1 for n D = 21 and n L = 4. Unified N-N values were used in calculations [13] . All predicted values were corrected with an averaged difference for set I (i.e. ∆G exp -∆G mfold , 85 mM = +6.2, 300 mM = +6.7), and (1000 mM = +7.8). quality of parameters used in the calculation. Mfold is one such program readily available via the Internet [23] .
In this program, a computational algorithm searches for the most stable structure formed from the sequence of two DNA strands, through a calculation of the thermodynamic stabilities using tabulated n-n parameter values. To include effects of dangling ends, the specific value of -1.18 kcal/mol for the 5' dangling end ( 5' AC/ 3' G) and -1.05 kcal/mol for the 3' dangling end ( 5' C/ 3' AG) are added to n-n calculations [13] . Potential stability differences due to dangling ends longer than one base are not considered.
OPEN ACCESS
To test the applicability and utility of dangling end parameters evaluated here, five sequences having a 21 base pair duplex region were designed with variable end lengths. Calculated thermodynamic parameters were generated using two methods, Mfold and the n-n model. Sequences differed in the placement and length of dangling ends. The sequences were: 1) a 21 base blunt ended control, 2) a 21 base duplex with two four-base 5' dangling ends, 3) a 21 base duplex with two 5' dangling ends having five and eight bases respectively, 4) a 21 base duplex with one four-base 3' and one four-base 5' dangling end, and 5) a 21 base duplex with one five-base 3' dangling end and one seven-base 5' dangling end. Where available, experimental data has been included as a comparison. Results of computations are shown in Table 7 .
Upon closer examination, the n-n model and Mfold stability predictions are quite comparable for 5' ended molecules. However, Mfold predicts a greater stability for the 3' ended molecules than that predicted using the end parameters described here. Since no reported measurements have been made of these specific 3' ends destabilizing the duplex, it is not surprising the standard program (Mfold) overestimates the stability of those molecules. These comparisons suggest the dangling ended parameters in Table 4 may provide more accurate quantitative predictions of the stability of dangling ended molecules. Confirmation of the ultimate practical utility of the evaluated dangling end parameters must be demonstrated through more accurate probe design and improved quantitative performance of multiplex hybridization reactions.
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